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ABSTRACT
The influence which ZnS, CdS, Cu2 S, PbS, and FeS has
on the thermal decomposition rate of ZnSO^ was studied hy
measuring the S02 gas evolved per unit of time for various
ZnSO^-MeS mixtures at 600°C, and analyzing the solid
phases by means of X-ray diffraction patterns.
The S02 gas evolved upon heating the pellets was an
alyzed as a function of time by absorbing the gas in a
solution of distilled water,

, and NaOH, and measur

ing the time required for the SO^ to neutralize the NaOH.
The gas absorption was found to be accurate and repro
ducible .
The thermal decomposition of ZnSO^ occurred through
the formation of several basic sulfates (xZnO*yZnSO^).
The basic sulfate formed at 600°C was identified as
ZnO* 2ZnS0^.
The admixtures markedly increased the decomposition
rate of ZnSO^.

The rate of reaction for molejmole mix

tures of ZnSOj^ and ZnS, CdS, and Cu2S was approximately
identical.

The decomposition of the sulfate was much more

rapid with PbS and FeS.

One step that the ZnS, CdS, and

Cu2S systems had in common was the formation of the inter
mediate phase ZnO* 2ZnS0^.

The faster PbS and FeS reactions

passed through no basic sulfate formation step.

The decom

position of the basic sulfate was shown to be the rate

determining step.

The following steps were proposed for

the ZnS, CdS, and Cu^S systems:
(1)

The formation of oxide(s) or sulfate (fast).

(2)

The formation of the basic sulfate, Zn0*2ZnS0^
(fast).

(3)

The decomposition of the basic sulfate (slow).

The d values and relative intensities of the experi
mental X-ray diffraction pattern for the Zn0*2ZnS0^
phase are reported.
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CHAPTER I
INTRODUCTION
Statement of the problem.

The purpose of this investi

gation was to make a survey of the influence of ZnS, CdS
Cu^S, FeS, and PbS on the thermal decomposition rate of
zinc sulfate.
Organization of the problem.

The problem was attacked

experimentally by procuring kinetic rate data for mix
tures of zinc sulfate with each of the selected sulfides
The kinetic results are presented in Chapter IV and
discussed in Chapter V.

X-ray diffraction patterns were

utilized to identify the reaction products.
Importance of the study.

During the processing of ZnS

ore, in which the sulfides selected for study (CdS,
Cu^S, FeS, PbS) are often found as admixtures, the ther
mal decomposition of ZnSO^ occurs in various stages of
the processes.

Therefore the effect which these admix

tures exert on the decomposition rate of ZnSO^ is of
interest.

However, this investigation was not intended

for any purpose other than the determination of the
sulfide effect on the decomposition rate of ZnSO^ under
strictly controlled conditions.

CHAPTER II
SURVEY OF THE LITERATURE
Very little information has been published concern
ing the influence of sulfides other than ZnS on the
decomposition of zinc sulfate.

Several investigators

have, however, studied the effect of oxides on the
decomposition of zinc sulfate.
References concerning the influence of oxides on
the thermal decomposition of zinc sulfate will be noted
here.

There are some interesting parallels between the

influence of oxides and sulfides on the decomposition
rate.
J. A. Hedvall and Josef Herberger

(1923) carried

out work noting changes in positions of acid groups in
solid phases.

G. Tammann and B. Garre

(1925) col

lected curves and data on the decomposition of sulfates
and nitrates by basic oxides.

Of several works carried

out by Russian investigators only the following is noted
because of its availability in English:

work by V. V.

Pechdovshii-^ (1958) on the decomposition of zinc sulfate
in the presence of oxides of iron, chromium, copper, and
aluminum.
The reaction between ZnS and ZnSO^, because of its
significance in roasting, has attracted considerable
attention.

There is, however, a great difference in
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views concerning the course of the reaction.

The pro

posed mechanisms can in general be classed in two divi
sions.

(A) Reaction occurs between ZnS and ZnSO^ to

produce ZnO and S02 .

(B) Reaction occurs between ZnS

and ZnSO^ to produce an intermediate (xZnO’yZnSO^)
phase and SO^.

This intermediate phase is then decom

posed into the final products ZnO and S02 .
A
I. P. Bardin edited a survey of the metallurgy
of the U.S.S.R. (1917-1957)•

Although there was no

specific mention of any particular sulfide or sulfate,
the general conclusion was that reactions of sulfides
with sulfates proceeded at a faster rate than did the
decomposition of the sulfate alone.

No mention whatso

ever was made of any intermediate phase.
V. V. Pechdovshii^ (1957, p. 28) stated that in his
study of the decomposition of ZnSO^ ”we did not detect
the presence of basic zinc sulfate among the solid cal
cination products” .
Using a static manometric technique M. Trautz and
S. Pakschwer

(1929) suggested the reaction ZnS +

3ZnS0^— k^ZnO + ^SOg.
M. E. Pozin, A. M. Ginstling, and V. V. Pechkovskii^ (195*0 assumed the reaction could be described by
three basic equations:

4

MS04 --- w M O + S03
SCU -

S02

i° 2
MS + 2°2 ------- * -MSO^
+

Other investigators feel that an intermediate
phase is necessary for the decomposition.
8
H. 0. Hoffman as early as 1905 presented experi
mental evidence that ZnSO^ when heated alone formed an
intermediate tie up of some of the ZnSO^.

He did not

suggest a composition for the xZn0*yZnS0^ combination.
Q

Motoo Watanabe and Toschiaki Yoshida

(19^7)

claimed the reaction preceeded through a 3Zn0«ZnS0^
intermediate phase.

Their proposed reactions were as

follows s
3ZnS + 13ZnS0^---- 3ZnO-ZnSOi4>) + 12S02
3Zn0#ZnS0^ --- **-^ZnO + SO^ + iO^.
They also presented thermodynamic data for the formation
of the 3ZnOZnSO^.
B. I. Skachkov
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(1958) committed himself on the

composition of the basic sulfate to Zn0*2ZnS0^.

He

suggested that the kinetic rate of decomposition of
ZnSO^ was ^0 times more rapid when ZnS was present.
Work reported by A. G. Ostroff and R. T. Sanderson

11

also described the composition 3ZnO’2SO^, which may be
written Zn0*2ZnS0^.
In 1959 a thermal study12, ulitizing a thermobal
ance to record heat differences and weight losses of the

5

samples, was made on the heptahydrate ZnSO^^H^O.

This

investigation showed the formation of a basic sulfate
before the final ZnO stage was attained.
The more recent investigations, outside the Soviet
Union at least, seem to predict an intermediate salt,
though there is disagreement as to its composition.
The differences of opinion warrant further study of the
reaction between ZnSO^ and ZnS.

The study of reaction

of ZnSO^ with CdS, Cu^S, PbS, and FeS would be inter
esting for comparison.

CHAPTER III
PREPARATION OF ZnSO^-MeS MIXTURES
It was very important to have completely dry start
ing materials.

Therefore, the first step required

proper dehydration of the zinc sulfate.
Six of the seven water molecules associated with
the heptahydrate are driven off at temperatures below
200°C.

It is quite difficult to liberate the seventh
o
molecule. Hoffman suggested that at least 0.2k% of
the remaining water of hydration cannot be removed with
out decomposing a portion of the zinc sulfate.

This

fact was shown also by this investigation.
Samples of zinc sulfate were heated for periods up
to 50 hours at temperatures up to 300 °C without success
in releasing all of the water of hydration.

These

experiments were carried out using an inert atmosphere.
Argon swept over the sample and carried any reaction gas
into a solution which contained methyl red indicator.
This made it possible to detect any decomposition of the
zinc sulfate.

Only when there was an indicator change,

which marked the beginning of decomposition, was all the
water driven off.

The complete elimination of water was

checked by heating a portion of the dried ZnSO^ to 800°C.
If water remained within the sample it was driven out
at this elevated temperature and its presence noted as
condensation in the exit tube.
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Since a portion of the water of hydration must "be
tied up within the structure, it was decided to dehy
drate carefully the zinc sulfate with as little as
possible decomposition.

The following technique was

developed to do this.
Merck high purity, 81.5-91*0# anhydrous zinc sul
fate was used as the starting material.

The sulfate

was charged into the reaction chamber and heated, under
an inert atmosphere, at a rate of 10°/minute.

With the

first slight change in the indicator the reaction tube
containing the sample was removed from the furnace and
allowed to cool.

X-ray diffraction patterns, when com

pared to ASTM standard patterns, showed no phase other
than ZnSO^ present.

It is estimated that less than

0 .05# of the sulfate was decomposed.
The metal sulfides were also heated under an inert
atmosphere to drive off any water present.

The heating

of the metal sulfides in the experimental apparatus
(described in Chapter IV) not only removed any water
present but also served as a check on the equipment for
the presence of oxygen.
In order to eliminate particle size as a variable,
all the reactants were sized to -200+270 mesh.
The dried, sized powders were stored in small vials
in a desiccator until used.

If stored more than one week

before using, they were again dried.
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The sized ZnSO^ and MeS powders were weighed and
mixed in predetermined mole ratios.
insure good mixing.

Care was taken to

The mixed powders were then pressed

into pellets (1/8” diameter, l/bn length).

The compact

ing pressure of 125 psi was used for all samples.

This

pressure was chosen because it gave the pellets good
mechanical strength.

The compacting was done on a

Fisher 0 to 3000 psi mounting press.
These pellets were then weighed and charged into
the reaction furnace.

CHAPTER IV
APPARATUS AND EXPERIMENTAL PROCEDURE
The experimental measurement of the kinetic reaction
rate consisted of purifying the argon carrier gas, con
tinuous flushing of the heated reaction mixture with the
purified argon gas, and collection and analysis of the
SO^ product gas.
I . THE APPARATUS
The apparatus description can conveniently be
divided into three classes based on its experimental
application:

the gas purification system, the reaction

system, and the collection system.
The gas purification system. The purpose of the gas
purification system was to remove any oxygen and moisture
from the argon carrier gas.
A schematic representation of the gas purification
system is presented in Figure 1.
graph of the system.

Figure 2 is a photo

All of the connections consisted

of 9 mm. glass tubing except for the connection between
the argon supply tank and the pancake regulator, and
from the regulator to the purification furnace.

These

©onnections were made with tygon tubing.*

*

The experimental apparatus was constructed by Mr.
John Hager, a former graduate student.

ARGUN SOURCE

3
REGULATOR

□ — &r

PURIFICATION PVRNACE

MERCURY
BUBBLER

I
DRYING CHAMBER

BALLAST
RESERVOIR

FLOW METER
« —

}■
[
DRYING CHAMBER

TO REACTION SYSTEM

OIL BUBBLER

FIGURE I
SCHEMATIC DIAGRAM OF THE PURIFICATION SYSTEM

FIGURE 2
THE GAS PURIFICATION SYSTEM
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The flow of standard grade argon was controlled
first by a single stage tank regulator valve and then
by passing through a pancake regulator valve where the
pressure could be reduced further.
The gas from the pancake regulator passed into a
resistance heated tube furnace.

Within this purifi

cation furnace, boats filled with titanium powder and
wrapped with copper screen were heated to approximately
500°C.

The purpose of the titanium powder and copper

screen was to remove any traces of oxygen present.

The

purification furnace temperature was controlled by regu
lating the A.C. power input through a variable rheostat.
The temperature was measured by a chromel-alumel thermo
couple placed next to the furnace windings.
After passing through the purification furnace the
gas flowed into a twenty liter pyrex glass container
which served as a ballast reservoir.

A mercury mano

meter registered the pressure within the reservoir.
The internal pressure of the container was con
trolled by a mercury safety bubbler placed between the
purification furnace and the reservoir.

A mercury lev-

eler was used to adjust the internal pressure.

When the

pressure exceeded a set value of 2 psi the gas escaped
through the mercury bubbler.

This insured that the argon

flowed from the reservoir at a constant rate.
The gas next passed through a drying chamber contain
ing boats of P20^ and then through a Fisher manostat,
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teflon needle valve.

The needle valve was necessary for

close control of the flow rate.

The flow could he con

trolled to within i^cc/minute hy use of this valve.
In order to measure the flow, the stream of gas
passed through a manometer type flowmeter.

The liquid

medium in the flowmeter was dibutyl phthalate, used
because of its low vapor pressure and low density.
A three way stopcock next allowed the gas to flow
into a second drying chamber or to be diverted through
an oil bubbler.

The oil bubbler allowed the gas to

flow through the purification system without necessarily
having to pass over the reaction mixture.

In this way

the proper flow rate could be established before the
reaction sample was charged.

The second drying chamber

was packed with Mg(C 1 0 ^ )2 powder.
From the drying tube the gas passed into the re
action chamber at a preset rate.
The reaction system.

A schematic representation of the

reaction system is presented in Figure 3 .
a photograph of the system.

Figure ^ is

The apparatus consisted of

a resistance heated hinge-type tube furnace enclosing
a Vycor reaction chamber.
The reaction chamber was constructed of l^mm and
19mm Vycor glass tubing.

At the gas entrance the main

tube was connected by means of a conical glass joint to
a tee assemblage.

The tee assemblage allowed the

ARGON
CARRIER
AND
PRODUCT
GAS

FIGURE 3

SCHEMATIC DIAGRAM OF THE REACTION SYSTEM
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THE REACTION SYSTEM
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insertion of the sample boat through a conical end joint
while the carrier gas was flowing.
At the gas exit the main tube was connected by means
of a ground glass conical joint to a 9mm exit tube.
A chromel-alumel thermocouple, encased in a Vycor
protection tube, was placed adjacent to the reaction
chamber with the tip near the center of the reaction
boat.

The thermocouple lead wires were connected to a

Wheelco 402 automatic controller, which in combination
with a 7i amp powerstat connected in series, controlled
the temperature.

The temperature could be maintained

within -2°C.
The S02 absorption system.
the absorption apparatus.

Figure 5 depicts schematically
The product gas was forced

into the solution through a fritted glass tube to insure
good gas-liquid contact.

An Aloe magnetic stirrer gave

additional scrubbing action to the solution.

A 50 ml

buret was used to make additions of a standard titrating
solution.

From the reaction chamber the gas flowed com

pletely through glass connections except for a short
section of tubing used to connect the fritted glass sec
tion to the exit tube.

TITRATING
SOLUTION

ABSORPTION
SOLUTION

MAGNETIC
STIRRER

FIGURE 5

SCHEMATIC DIAGRAM OF THE S02 ABSORPTION SYSTEM

II.

EXPERIMENTAL PROCEDURE

The kinetic measurements were made by passing puri
fied argon gas over pelletized charges of ZnSO^ and MeS,
and recording the SC>2 evolved as a function of time.
The experimental technique was as follows:1
The purification furnace was heated to 500°C.*
Then the gas flow rate was established.

During this

period the gas was allowed to escape from the purifica
tion system through an oil bubbler.
The reaction system was heated to 600°C and allowed
to equilibrate for ten minutes.

The system was then

flushed with argon for approximately five minutes before
the pelletized sample was charged.
After the flushing period, the flow rate was set at
90cc/minute.

This flow rate was predetermined to be

the most satisfactory at 600°C.

At higher flow rates,

the rate of S02 absorption by the absorbing solution
decreased considerably.

At lower flow rates, S02 was

produced by the reaction faster than it could be carried
off.

*

This led to erratic titration results.

It was necessary to replace the titanium powder and
copper screen after every four hours of operation,
indicating the presence of oxygen in the argon supply
(Linde, standard grade).
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After the proper flow rate was established in the
system, the conical end cap was removed and the sample
inserted into the hot zone.

The gas flow was fast enough

so that inert gas flowed from the conical opening as the
charge was inserted.
the system.

This prevented oxygen from entering

The carrier gas swept away the S02 as it

formed and carried it to the absorbing solution.
The absorbing solution was composed of distilled
HgO* ^2^2’ anci a measured quantity of standardized NaOH.
Modified methyl red was used as an indicator.

The color

was pale green in basic solution, colorless in neutral
solution, and violet in acid solution.
The S02 in the effluent gas mixture reacted with the
solution as indicated by the following reactions.

s° 2 +

h2 o2 -- - h2 so4

H2SO^ + 2NaOH-- Na2SO^ + 2H20.
As the sulfuric acid was formed it neutralized the NaOH
in solution.

When the NaOH was consumed, the solution

changed from green to violet.

This time was recorded

and another addition of NaOH was made.

The volume of

NaOH added was controlled so that approximately two to
five minutes elapsed between additions.
Modified methyl red indicator is slightly basic, so
the first S02 was consumed in neutralizing the indicator.
Time t = 0 was chosen to be the point of neutralization
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of the indicator.

This usually required two minutes.

Then the additions of NaOH were made as described.
The reaction was considered complete when less than
1$ ZnSO^, approximately 0.1 to 0.2ml NaOH reacted in 15
minutes.
Precautions were taken with the NaOH to insure
correct normality.

The hydroxide was made up in three

liter lots as needed and stored in a polyethelene con
tainer in a dark enclosure.

Frequent standardizations

were made using potassium hydrogen phthalate as the
standard.
The SO^ pickup by the absorbing solution was com
pared to sample weight losses.

The efficiency of the

pickup was consistently above 95$ with two exceptions,
which will be noted later.

As a check on the absorption

efficiency, ZnS was oxidized in an air stream at 800°C.
This oxidation was chosen because the overall reaction
has been well established.

The efficiency was greater

than 97$ using a flow rate of 90 ccm.
Upon completion of the reaction the entire reaction
tube was removed from the furnace and allowed to cool
under argon flow.

After cooling to room temperature

the boat was removed and weighed.
After weighing, the sample was crushed and ana
lyzed by X-ray diffraction.

CHAPTER V
EXPERIMENTAL RESULTS
The experimental procedure consisted of heating pellet
of ZnSO^ and MeS mixtures, flushing the product gas from
the mixture, and absorbing and analyzing the gas as a
function of time.
The experimental temperature was chosen sufficiently
below the decomposition temperature of pure ZnSO^ so that
the evolution of SO^ gas could be considered negligible.
Figure 6 is a plot of temperature versus per cent
weight loss for samples of pure anhydrous zinc sulfate.
Each sample was heated in an inert atmosphere for T|
hours.

The results are shown as a continuous curve in

Figure 6.

At 600°C there was less than 1% weight loss.

This amounted to a decomposition of approximately 0.15$
zinc sulfate.

600°C was therefore chosen as the experi

mental temperature at which the thermal decomposition of
pure ZnSO^ could be considered negligible.
Chemical analysis, using a ferricyanide technique
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for soluble ZnSO^, was made on each of the heated products.
Assuming that all the ZnSO^ not accounted for by chemical
analysis was decomposed to ZnO and SO^, the per cent
weight loss was calculated.*

These results are shown as

the dashed curve in Figure 6.

*

An example calculation is given in Appendix I.

900

koo
0

To
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30

1+0

PER CENT WEIGHT LOSS

FIGURE 6

TEMPERATURE VERSUS PER CENT WEIGHT LOSS BY 7.n.qf),
TIME AT TEMPERATURE 1.5 HOURS

23
An attempt was made to find an equation which de
scribed the continuous curve.

It was hoped this equation

could he then arranged to yield a straight line which
when extrapolated to zero per cent weight loss would give
the actual beginning temperature of zinc sulfate decom
position.

The data could not be fitted to either a third

or fourth degree equation using Lagrange interpolation
polynomials.
To determine the sulfide effect on the decomposition
of ZnSO^, each metal sulfide was reacted with ZnSO^ in
various mole ratios.

The results are reported graphically*

as per cent ZnSO^ reacted as a function of time.

Experi

mentally the time was recorded for the neutralization of
a known quantity of standardized NaOH.

The ZnSO^ equi

valent of the reacted NaOH was then calculated and re
ported as per cent ZnSO^ reacted.**

The data were

represented as per cent ZnSO^ reacted so that they would
be independent of sample weight.

All experimental runs

were plotted first on an expanded scale to detect any
noticeable trends that would be missed on a conventional
scale.
Figures 7 and 8 depict the composite effect of the
metal sulfides on ZnSO^ in ratios of 1 mole ZnSO^il mole MeS

*

The kinetic data are recorded in Appendix VI.

** The stoichometric reactions were determined by X-ray
diffraction analysis of the reaction products.
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and l.OOgm ZnS0^s0.58gm MeS, respectively.

The l.OOgm

ZnSO^sO .58gm MeS represents a constant weight of MeS per
unit weight of ZnSO^.

This made it possible to compare

the affect of the sulfides on the reaction rate on an
equal weight basis, i.e., the same weight of MeS per
unit weight of ZnSO^ was maintained for each reaction
mixture.

It is seen that all the sulfides affected

markedly the decomposition rate of ZnSO . In general
4
these two figures point out that CdS, ZnS, and Cu^S pro
duce approximately the same rate of reaction.

FeS and

PbS have an even greater accelerating effect on a moles
mole basis, however on a weight basis the PbS reaction
dropped off rapidly.
The rate of reaction was very dependent upon the
sulfide concentration.
9 to 14.

This effect is shown in Figures

Experimental emphasis was placed on the ZnSO^-

ZnS and ZnSO^-CdS systems.
The products of each reaction were identified by
X-ray diffraction.

Patterns were also made and analyzed

for reactions less than 100^ ZnSO^ reacted.

These results

are reported in Tables I, II and III.
The ZnSO.-ZnS reactions proceeded at an increased
4
rate for an increase in sulfide concentration until the
IZnSO,:3ZnS composition was passed, thereafter, the rate
remained constant.

The Is 6 and Is 9 compositions pro-*

duced no further increase in the reaction velocity.

100

%
ZnSOij.
reacted

FIGURE 7

ZnSO^-MeS SYSTEMS
TEMPERATURE 600°G

%
ZnSOLj.
reacted

FIGURE 8

1. OOgmZr.SO^:0 . J'tSgmMeS
TEMPERATURE 600°C

TEMPERATURE 600°C
-J

100-

%
ZnSOL}.
reacted

FIGURE 10

ZnSO^-CdS SYSTEM
TEMPERATURE 600°C

FIGURE 11

EFFECT OF AGE ON RATE
TEMPERATURE 600°C

100-,

/O
ZnSOv
reacted

FIGURE 13

ZnSO^-PbS SYSTEM
TEMPERATURE 600°G

ZnSOij.
reacted

F I G U R E 1*f

ZnSO^-FeS SYSTEM
TEMPERATURE 600°C
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Because of the unusual shape of the iZnSO^slZnS reaction
curve, X-ray patterns were made for samples 7»7f° and 71%
reacted.

The results are recorded in Table I.

The ZnSO^-CdS system proved to be quite interesting
because of its unusual behavior and the fact that cadmium
metal was produced.

Taking the composition lZnSO^:lCdS

as a reference curve, both increasing and decreasing
the CdS concentration produced an increase in the reaction
rate.

These curves also showed an abrupt change in slope.

X-ray patterns were taken before and after the slope
change in both the IZnSO^slCdS and 1.66ZnSO^:ICdS reactions.
The results are given in Table II.
The reaction velocity was very dependent upon the age
of the pressed samples.

ZnSO^xCdS in ratios of 1:3 and

1:1 were prepared, pressed into pellets, placed in small
vials in a desiccator for 12 days before reaction.

As

shown in Figure 11 the rate dropped considerably.
Rate and X-ray data were also collected on the three
remaining sulfides, Cu^S, PbS, FeS.

The results are shown

in Figures 12, 13? and 14 and Table III.
Reproducibility of the rate data was found to be with
in

ZnSO^ reacted.

The data for the reproducibility

experiments are included with the initial experiments in
Appendix VI.
Reaction rate data could not be obtained below 600°C.
At lower temperatures the gas collection system was

TABLE I
ZnSO^-ZnS SYSTEM

ZnSO^sZnS

Temp.

3:1

6oo°c

Reaction complete

lsl

6oo°c

Reaction complete

ZnO , ZnSOjL, ZnS,
ZnO *2ZnS0)t
ZnO, ZnS

lsl

6oo°c

Reaction incomplete
(71$ ZnSO^ reacted)

ZnO , ZnO •2ZnS0>. ,
ZnS
4

1:1

6oo°c

Reaction incomplete
(7 .7^ ZnSO^ reacted)

ZnO*2ZnSO.,, ZnSO, ,
ZnS
4
4

1:1

550°c

Gas absorption
efficiency 85^

ZnO•2ZnS0ji. , ZnSO^.*
ZnS

1:1

500°c

Gas absorption
efficiency

ZnO*2ZnSO,., ZnSOu,
ZnS
^

1:3

6oo°c

Reaction incomplete
(90$ ZnSO^ reacted)

ZnO, ZnO•2ZnS0^,
ZnS

1:6

6oo°c

Reaction complete

ZnO, ZnS

1:9

6oo°c

Reaction complete

ZnO, ZnS

*

Remarks

Products*

Solid products identified by X-ray diffraction.

TABLE II
ZnSO^-CdS SYSTEM

ZnSO^s CdS

Temp.

1.66 s1

6oo°c

Reaction complete

ZnO, CdS, Cd

1 .66:1

6oo°c

Reproducibility
experiment

ZnO, CdS, Cd

1 .66:1

6oo°c

Reaction incomplete
(^0% ZnSO^ reacted)

ZnO, CdSO^, ,
Zn0*2ZnS0^, CdS

1 .66:1

6oo°c

Reaction incomplete
(75^ ZnSO^ reacted)

ZnO, CdSO 1,,
ZnO•2ZnS0^, CdS, Cd

1:1

6oo°c

Reaction complete

ZnO, CdS, Cd

1:1

6oo°c

Reaction incomplete
(76% ZnSO^ reacted)

ZnO, CdSOu,
ZnO* 2ZnS0^, CdS, Cd

1:1

6oo°c

Aged sample
Rate much slower

ZnO, CdSOj.,
Zn0-2ZnS0^, CdS, Cd

1:1

550°c

Gas absorption
efficiency Qk%

ZnS04 , CdS,
Zn0*2ZnS0^

1:1

500 °c

Gas absorption
efficiency 50%

ZnO, CdS, CdSO^

1*3

6oo°c

Reaction complete

ZnO, Cd, CdS

1*3

6oo°c

Aged sample
Rate much slower
Reaction incomplete

ZnO, CdSO^,
Zn0-2ZnS0£, CdS, Cd

Remarks

Products
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TABLE III
ZnS0^-Cu2S SYSTEM

ZnSO^sCu^S

Temp.

Remarks

Products

1.8^:1

6oo°c

Reaction complete

1*1

6oo°c

Reaction incomplete
(18$ ZnSO^ reacted)

ZnO, Gu^O, CU2S
Cu?0 , Cu S, ZnSO^,
ZnO •2ZnS0j^

lsl

6oo°c

Reaction incomplete
(^3$ ZnSO^ reacted)

Cu20, Cu S, ZnO,
ZnO•2ZnS0^

lsl

6oo°c

Reaction incomplete

Cu90, Cu9S, ZnO,
ZnO•2ZnS0^

ZnSO^-PbS SYSTEM
ZnSO^xPbS

2.16:1

6oo°c

Reaction incomplete

ZnO, PbSOju, PbS,
ZnSO^

lsl

6oo°c

Reaction complete

ZnO, PbSO^, PbS

lsl

550°C

Gas absorption
efficiency 77*5%

ZnO, PbSO^, PbS

ZnSO^-FeS SYSTEM
ZnSO^xFeS
lxl

600°C

Reaction incomplete

ZnO, FeS, ZnSO^, »
Zn0*Fe20^

1*3

6oo°c

Reaction Complete

ZnO, FeS,
ZnO*Fe20^

ineffective.

The product gao evolution was so slow that

the large volume of argon carrier flushed the gas through
the solution with low absorption efficiency.

However,

weight loss data, recorded in Table IV, were sufficient
to allow conclusions to be made concerning the effect of
reducing the temperature.

At temperatures above 600°C

the rate data would have been complicated by the normal
thermal decomposition of ZnSO^.
All the reactions except the ZnSO^-PbS and ZnSO^FeS systems passed through an intermediate basic sulfate
phase.

This phase was identified as Zn0-2ZnS0^.

The

identification was made by equilibrating mixtures of ZnO
and ZnSO^.
Powders of ZnO and ZnSO^ were mixed in mole ratios,
pressed into pellets, and placed in small Vycor tubes.
The tubes were evacuated and sealed.

Each mixture was

heated to 550°C and equilibrated for 48 hours.

After

equilibration the pellets were crushed and the solid
phases determined by X-ray diffraction.

The results are

recorded in Table V.

Only the lZn0*2ZnS0^ mixture had no

excess ZnO or ZnSO^.

All other mixtures had excess ZnO

or ZnSO^ plus the characteristic pattern of the
lZnO•2ZnS0^ phase.*

*

The d values and relative intensities for the
lZnO•2ZnS0^ phase are recorded in Appendix III.

TABLE IV
EFFECT OF TEMPERATURE ON REACTION EXTENT

% Weight Loss

lZnSO^:IZnS

6oo°c

20.2

lZnSOj^: IZnS

550°C

lZnSO^:IZnS

5 oo°c

2.1

lZnSO^xlCdS

6oo°c

18.8

lZnSO^jlCUS

550°c

8.4

lZnSO^:ICdS

500°C

2.3

lZnSO^:PbS

6oo°c

13.3

iZnSO^tPbS

550°c

7.7

t

Temperature

o

Composition

TABLE V
EQUILIBRATION OF ZnO-ZnSO^ MIXTURES

*

Products

Temperature

Time

2:1

55 o°c

48

ZnO, Zn0-2ZnS0^

1:1

550°c

48

ZnO, ZnO•2ZnS0^

1:2

550°c

48

ZnO•2ZnS0^

1:3

550°c

48

Zn0-2ZnS0^*

1: ^

550°c

48

ZnO *2ZnS0j^,
ZnSO^

1:5

550°c

48

ZnO -2ZnSO^,,
ZnSO^

ZnOsZnSO^

The 1:3 mixture exhibited the Zn0-2ZnS0^ phase plus
some unidentified lines*

^0

The basic sulfate was shown to be an intermediate
phase in the Cu^S, ZnS, and CdS reactions by comparison
of diffraction patterns.
The efficiency* of the absorbing solution was con
sistently above 95%•

However, for the ZnSO^-CdS system,

the efficiency could not be determined because Cd metal
was distilled from the reaction container.
Color changes of the various reaction pellets are
recorded in Appendix V.

*

An example calculation of absorption efficiency is
given in Appendix IV.

CHAPTER VI
DISCUSSION
The reaction rate curves and the X-ray analysis of the
reaction products presented in Chapter V yield information
on the general effect of sulfides on the decomposition of
ZnSO^.

The data may also be used to determine the approxi

mate course of reaction for the individual systems.
Reaction temperature.

Before beginning the study of the

influence of sulfides on the decomposition rate of ZnSO^
it was necessary to establish a base temperature for
effective and convenient reference.

This temperature was

determined by the procedure described in the preceeding
chapter to be 600°C.

It is quite interesting to note

that the two curves of Figure

the continuous curve

derived from weight loss data and the dashed curve derived
by calculation from chemical analysis data, do not coin
cide.

If the assumption that all the ZnSO^ not accounted

for by the chemical analysis was decomposed to ZnO and
SO^ were true, the two curves would have coincided be
cause the SO^ as calculated from the chemical analysis
and the SO^ from the weight loss would have been the same.
Since the calculated per cent weight loss was always
greater than the actual weight loss, a portion of the
ZnSO^ must have been tied up as a water insoluble basic
salt (xZnO*yZnSO^) which therefore was not detected by
the chemical analysis for soluble ZnSO^.

From the

^2

shape and displacement of the dashed curve it appears that
one combination was formed below 700 °C, but at this tem
perature was unstable.

Above 700°C another or series of

other combinations existed up to 850°C.
basic salt was identified as Zn0*2ZnS0^*

At 600°C the
At 825°C the

Zn0*2ZnS0^ phase was present but there were many lines
which could not be identified.

No attempt was made to

identify the high temperature phase(s).

It is quite

evident that some other basic salt is formed along with,
or decomposes to, the Zn0*2ZnS0^ phase at the higher
temperatures.
A discussion of the composite effect of the sulfides
on the decomposition of ZnSO^ presented in Figures 7 and
8 will be delayed until each individual system has been
considered.
The ZnSO^-ZnS system.

The reaction velocity was very

dependent upon the sulfide concentration of the mixture.
Increasing the sulfide concentration produced a corres
ponding rate increase until the ratio passed the lZnSO^i
3ZnS composition.

Thereafter, increasing the ZnS pro

duced no further rate increase.

From these results it

seems reasonable that as the concentration of the sulfide
was increased, better sulfate—sulfide contact was made.
Finally a point was reached when the addition of sulfide
merely had a diluent effect and thereby did not affect
the reaction

i+3

It is seen in Figure 9 that the reaction rate ini
tially increased rapidly, decreased, then increased again.
This sequence can be noted in the 3ZnS0^:lZnS, lZnSO^slZnS,
and lZnS0^s3ZnS reaction.

It cannot be detected in the

1:6 or 1:9 reaction.
The unusual shaped curves produced by the 3:1> 1:15
and 1:3 reactions provided an important fact for the pre
diction of the reaction course.

The initial reaction

must be rapid but short-lived, followed by a slower sec
ondary reaction.

The secondary reaction became predom

inate after 28^-35^ of the ZnSO^ had reacted.
It Is proposed that the initial stage can be des
cribed by the following steps:
(1)

Production of oxide.
3ZnS0^ + ZnS--- ^ZnO + ^SC>2

(2)

Formation of the basic salt.
4ZnO + 8ZnS0^--- 4(ZnO*2ZnSO^)

Overall initial reaction.
llZnSO^ + Z n S --- *-MZnO*2ZnS0^) + ^S02 (fast)
When all the unreacted ZnSO^ had been tied up as the
basic salt k/11 or 36 .6$ of the ZnSO^ should have reacted.
The amount actually reacted was 28^-35$.
The final stage must be the reaction of Zn0*2ZnS0^
and ZnS.
4(ZnO•2ZnS0^) + 8/3ZnS-- — 44/3ZnO + 32/3S02(slow)
The total reaction is the sum of the above two equa
tions .

3ZnS0^ + ZnS

■a— 4ZnO + if-S0 2

For proof of the above reaction sequence, X-ray data
were collected for reactions 7 *7%> and 71$ completed.

The

reaction stopped after 7*7% decomposition was well within
the early portion of the rate curve.
ZnSO^, Zn0*2ZnS0^, and ZnS.

The products were

Since no ZnO was present but

excess sulfate was, the oxide must have been immediately
tied up with the unreacted ZnSO^ as the basic salt.

The

products for the 71$ completed reaction were ZnO, ZnS,
and ZnO*2ZnS0^.

Since the reaction was still proceeding

and no ZnSO^ was present, the ZnS and basic salt must
have carried on the reaction.

The final products of the

completed reaction were ZnO and excess ZnS.
The stoichiometric reaction (3ZnS0^:IZnS) leveled at
approximately 30$ ZnSO^ reacted.
Zn0-2ZnS0^, ZnO, and ZnS.

The products were ZnSO^,

Since there was not a sufficient

excess of ZnS, boundary restrictions evidently constrained
the reaction.

The following simple schematic solution is

presented.
d*
to
z»soH ►t

£

*
Hn

S

$
(1) initial

(2) intermediate

l%
3

0 2*5
%
N

(3) final

Assuming good mixing of the powders, care was taken to in
sure good mixing, initially ZnSO^ and ZnS reacted to form
ZnO which was immediately tied up by 2 parts ZnSO^ as the
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basic salt.

The basic salt reacted with the remaining ZnS

to form a ZnO layer which prevented further reaction.

It

is entirely possible that there was not good sulfatesulfide contact but segregated volumes of unmixed reactants.
These could not react and would therefore be present in the
X-ray analysis.
No rate equation could be derived for the reaction
curves over the entire course of reaction.

By considering

the curve in portions, first order rate equations applied
to each.

This is shown in Figure 15.

The rate equation which applied to the initial stage
(production of ZnO and formation of the basic sulfate)
was
Ln

10Q- <*.
100

-klt,

where 100 = initial concentration of ZnSO^ in per cent
cA. = % ZnSO^ reacted at time t
k^ = rate constant = 0.0364
The equation which applied to the final stage (decom
position of the basic sulfate) was derived by considering
this portion independent of the initial stage*

The ini

tial concentration of ZnSO^ was taken as the amount of
ZnSO^ remaining at the time of the abrupt change in the
slope of the reaction rate curve.

This point for the

lZnSO^rlZnS reaction was at 30^ ZnSO^ reacted.

The ini

tial concentration used in the rate equation was therefore

u
B

A

Time (.minutes)

FIGURE 15
FIRST ORDER RATE EQUATIONS FOR THE IZnSO^sIZnS REACTION

^7
J0% ZnSO^.

Time t = 0 for the final stage was also taken

at the change in slope.

The rate equation which applied

to the final stage was
70Ln — tJq--- = k^t.

k^ = 0.00860

The fact that individual rate equations apply to each
portion of the overall reaction adds validity to the pro
posed reaction steps.

In both cases the rate equation was

a function of the ZnSO^ remaining at time t and independent
of the sulfide present.
ZnSOi^-CdS system.

The ZnSO^sCdS reactions were considered

in more detail than the remaining Cu^S, PbS, FeS systems
because of the production of cadmium metal.

This system

like the ZnSOj^-ZnS system resulted in curves of unusual
shape.

Also, like the ZnS system the reaction course

proceeded through the Zn0*2ZnS0^ phase formation stage.
As seen in Figure 10, the curves all have the same
general shape.

The IZnSO^slCdS and 1.66ZnSO^xlCdS reac

tions were investigated by X-ray analysis before and after
the abrupt slope change.
were identical.

The results for the two mixtures

Therefore, only the 1.66x1 shall be dis

cussed.
After b-Ofo completion, the solid products were ZnO,
CdSO^, Zn0*2ZnS0^, and CdS.

Although no CdO was found in

the products, its formation should not be eliminated as a
possibility.

As shown by a series of equilibrations of CdO

and ZnSO^ (recorded in Table VI) ZnO and CdSO^ were formed.
If an excess of ZnSO^ was present the basic salt also formed.

TABLE VI
EQUILIBRATION OF CdO-ZnSO^ MIXTURES

550°c

lCdO:2ZnSO^

550°c

ICdS, lCdSOji, ,
2ZnSO^

550°c

Products

hours

CdSO^,ZnO

hours

CdSO^, ZnO,
ZnO •2ZnS0j^

CO
-3-

lCdO: lZnSOj^

Time

00
-3-

Temperature
00
-d-

Composition

hours

CdS, ZnO’BZnSO^,,
ZnSO^, ZnS
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After 75% completion, the solid products were ZnO,
CdSO^, ZnO2ZnS0^, CdS, and Cd.

The same products except

for Cd were found before the slope change.

The products

of the initial reaction had become reactants in the sec
ondary reaction to produce metal.

It was shown experi

mentally that the reaction between CdS and CdSO^ produced
metal.
With the above information and the fact that all the
reactions changed slope after approximately two-thirds of
the ZnSO^ had reacted, the following reaction course is
proposed.
The initial stage can be described by the following
steps:
(1)

Production of oxide and sulfate.
4ZnS0^ + C d S --- *-4ZnO + CdSO^ + 4S02

(2)

Formation of the basic salt.
4ZnO + 8ZnS0^----- 4(Zn0‘2ZnS0^)

(3)

(fast)

(fast)

Reaction of a portion of the basic salt.
2(ZnO *2ZnS0^) + CdS---*~6ZnO + CdSO^ + 4S02 (slow)

Since approximately one-third- of the ZnSOj^ remained at the
time of the slope change, 1/3 x 12 moles ZnSO^ (approxi
mately 4 moles ZnSO^) remained as the undecomposed basic
salt.

The initial reactions can be summarized by the

following equation.
12ZnS0^ + 2CdS-- »-6ZnO + 2(ZnO-2ZnS0^) + 2CdS0^ + 8S02
The final stage consisted of two steps.

(1)

Decomposition of the remaining basic salt.
2(Zn0*2ZnS0^) + CdS—

(2)

6ZnO + CdSO^ + 4SC>2 (slow)

Metal producing step.
3CdS0^ + 3CdS--- 6Cd + 6S02

The secondary reactions can be summarized by the follow
ing equation.
2 (ZnO •2ZnS0^) + ^CdS + 2CdS0/j— ^6ZnO + 6Cd + 10SO
The overall equation for the reaction can be written:
2ZnS0^ + CdS---- >-2ZnO + Cd + 3S02
The reaction velocity increased when the sulfide con
centration was both increased and decreased from the
lZnSO^tlCdS mixture.

This could be explained by segre

gation of the 1:1 mixture.

This seems highly unlikely,

however, because both the 1:1 and 1.66:1 reactions were
repeated three times, with maximum deviation of results
being 4.0$ and 6.5$ respectively.

Even by assuming

maximum errors for the two curves (10.5$)* they cannot
be made to shift positions or coincide.

As mentioned

previously, both the 1:1 and 1.66:1 reactions had the
same products before the slope change, after the slope
change (metal formation), and as final products.
reaction appeared to follow the same course.

The

No explan

ation can be given for the increased rate with reduced
CdS concentration.
ZnS0^-Cu2S system.

The ZnS0^-Cu2S reaction rate curves,

Figure 11, were shaped similar to the ZnSO^-ZnS curves.
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In fact, when the lZnSO^xlZnS curve was superimposed upon
the lZnSO^xCu^S reaction, no difference could be dis
tinguished.

The ZnSOj^xZnS reactions were therefore

chosen as a reference for the interpretation of the re
action course.

Samples of lZnSO^slCu^S were stopped

after I8fi and 46% reacted.

The diffraction patterns were

so complicated and the 29 values of the copper compounds
so nearly identical that Interpretation was limited.

It

was possible to distinguish definitely the basic salt
and ZnSO^ in the initial stage of the reaction and ZnO
and Zn0*2ZnS0^ in the final stage*
were ZnO, Cu^O and excess Cu2 S.

The final products

By comparing with the

ZnSO^-ZnS system the following reaction course is pro
posed.
The initial stage can be described by the following
stepsx
(1)

Production of oxides.
3ZnS0^ + Cu2 S --- 3ZnO + Cu20 + 4S02

(2)

(fast)

Formation of the basic salt.
3ZnO + 6ZnS0^--- *— -3(ZnO* ZZnSO^)

(fast)

Overall initial reaction.
9ZnS0^ + Cu2 S<-- Cu20 + 3 (ZnO*2ZnS0i+) + 4S02
When all the unreacted ZnSO^ had been tied-up as the basic
salt, 4/9 or 44?£ of the ZnSO^ should have reacted (S02
titration basis).

The experimental point where the slope

changed was at approximately 36/5 which indicated that
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the reaction of a portion of the "basic salt had begun
before all the ZnSO^ had been combined because of segre
gation effects.

In the final stage the reaction con

sisted of the decomposition of the basic sulfate.
3(Zn0*2ZnS0O + 2Cu S-- >— 9ZnO + 2Cu20 + 8SC>2 (slow)
The total reaction can be summarized by the follow
ing equation.
3ZnS0^ + Cu2S ----*~Cu20 + 3ZnO + 4SC>2

As in the CdS system, a decrease in the sulfide con
centration caused an increase in the reaction velocity.
ZnSO^-PbS system.

Figure 12 depicts the effect of sulfide

on the reaction rate.

The IZnSO^jlPbS reaction proceeded

rapidly and smoothly throughout the entire course.
Decreasing the sulfide content reduced the reaction rate
considerably.

Although the 2.l6ZnS0^slPbS reaction

appeared to attain completion , weight loss data indicated
the last point should be higher by 6.0%.

The reaction

rate had decreased to such an extent that the gas ab
sorption efficiency was low.
The reaction course differed from the ZnS, CdS, and
Cu2S systems in that no intermediate zinc basic sulfate
was formed.

The reaction did not go to the metal or

metal oxide form but remained as stable PbSO^.

It is

very possible that the basic salt PbSO^*^PbO was formed.
The diffraction peaks for PbSO^ and P b S O ^ P b O are very
similar and therefore difficult to distinguish from one
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another.

The PbSO^ or PbSO^'^KPbO was shown to he a stable

product by recharging the lsl mixture and heating for 2
additional hours at 600°C.

The PbSO^ or PbS0^*4Pb0 was

not decomposed by this prolonged heating.
The products of the completed reactions were ZnO,
PbSO^ or PbSO^*4PbO, and PbS.

The excess PbS and PbSO^

or PbSO^^PbO must have been separated by a layer of
ZnO, otherwise they would have reacted similarly to the
C&S-CdSO^ mixture.

The overall equation for this re

action can be written:
^ZnSO^ + PbS--- ^ZnO + PbSO^ + ^S02
ZnSO^-FeS system.

The ZnSO^sFeS reaction rate curves were

also smooth and the reaction rapid.
salt was formed.

No intermediate basic

A portion of the ZnO formed was tied up

as a zdmo ferrite (ZnO’F e ^ ) .

The final products of the

reaction were ZnO, Z n O - F e ^ , and excess FeS.

The pro

posed reaction with FeS can be described by two steps.
(1)

Formation of oxides.

7ZnS0h + 2FeS ---- *-7ZnO + Fe20^ + ^S02
(2)

Formation of iteraa ferrite.

ZnO + Fe20^------ Z n O - F e ^
Overall reaction.
7ZnS0^ + 2FeS---- 6ZnO + Zn0*Fe20^ + 9S02
Composite effect.

In general it can be stated that the

effect of ZnS, CdS, and Cu2S on the decomposition rate of
ZnSO; is the same for mole:mole mixtures.

The PbS and FeS

5^

reactions are much more rapid.

The one step which the

three slower reacting systems have in common is the inter
mediate formation of the basic sulfate of zinc.

The

faster reactions do not pass through a basic sulfate
phase.

The decomposition of the basic sulfate must have

been a slow rate-determining reaction.
stantiated in each of the curves.

This is sub

During the decompo

sition of the basic sulfate, the slope of each of the
reaction rate curves became less positive.
The effect of oxides on the decomposition rate of
ZnSO^ was studied by V. V. Pechkovskii.

His results

showed that oxides of variable valence affected markedly
the rate of decomposition.

The oxides having only one

valence form produced little or no effect on the rate.
The same trend can be applied to the sulfides with reser
vations.

The FeS and PbS both can form oxides of vari

able valence.
as ZnS and CdS.

So can Cu2S and yet its rate was the same
Perhaps once the basic sulfate is formed,

its sluggishness to decompose overshadowed any effect of
the oxide.

The experimental data collected during the

investigation was not sufficient to determine the reason
the basic salt wasn’t formed in the FeS and PbS systems.
The weight loss data presented in Table IV are also
shown graphically in Figure 16.

These data indicate an

approximate initiation temperature for the reactions.

FIGURE 16

REACTION STARTING TEMPERATURE
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The temperature falls within the range ^75°-*500°C.

The

fact that the reaction begins at approximately the same
temperature indicates the reactions are initially depend
ent only upon the presence of sulfide sulfur.

Since

sulfur appears to be the initiating component for the
reaction and independent of the cation present, an
approach to the study of reaction mechanisms may be
possible.

This was not pursued by this investigation.

On an equal mole basis the effect of the sulfides
on the decomposition rate of ZnSO^ can be arranged in
the following increasing order; ZnS, Cu^S, CdS, PbS,
and FeS.

CHAPTER VII
SUMMARY AND CONCLUSIONS
The effect which ZnS, CdS, Cu^S, FeS, and PbS have
on the decomposition rate of ZnSO^ was studied by measur
ing the S02 gas evolved per unit of time for various
ZnSO^-MeS mixtures at 600°C, and analyzing the solid
phases by means of X-ray diffraction patterns.
The ZnSOj^-MeS mixtures were prepared by carefully
mixing dehydrated, purified ZnSO^ with metal sulfides in
various proportions and pressing into pellets.
The SO^ gas evolved upon heating the pellets was
analyzed as a function of time by absorbing the gas in
a solution of distilled water, H2 Q2 , and NaOH, and
measuring the time required for the S02 to neutralize
the NaOH.

The efficiency of the absorption solution was

found to be consistently above 95^*
Kinetic data were collected at 600°C.

This temper

ature was chosen because it is below the temperature
where appreciable thermal decomposition of ZnSO^ occurs.
Rate data could not be collected below 600°C because of
the low efficiency of the absorbing solution for low gas
concentrations of S0 2.
The flow rate of the argon carrier gas was main
tained at 90ccm for all the experimental runs.
The powders were all sized in the range -200+270
mesh to eliminate particle size as a variable.

Preliminary findings indicated that the decomposition
of ZnSO^ occurred through the formation of several basic
salts.

This investigation identified the basic sulfate

at 600°C as lZnO*2ZnSO^.

This was in agreement with the

results of A. G. Ostroff and R. T. Sanderson.

It was

in opposition to the findings of V. V. Pechkovskii.
The rate of reaction for mole:mole mixtures of ZnSO^
and ZnS, CdS, and Cu^S was approximately identical.

The

one step each system had in common was the formation of
the intermediate phase Zn0*2ZnS0^.

From the shape of

the rate of reaction curves and X-ray analysis of com
pleted and incompleted reactions, the following reaction
courses were proposed for the systems.
ZnSO^tZnS
(1)

3ZnS0^ + ZnS---»— 4ZnO + ^S02

(fast)

(2)

ifZnO + 8ZnS0^

(fast)

(3)

^(ZnO*2ZnS0^) + 8/3ZnS-- W 3 Z n O + 32/3S02 (slow)

*-MZnO* 2ZnS0^)

Overall reaction.
3ZnS0K + ZnS --- >— 4ZnO + 4S02
ZnSOj4:CdS
(1)

tenSO^ + CdS-- v_^znO + CdSO^ + ^SC>2

(fast)

(2)

tenO + 8ZnS0^— »— 4(Zn0*2ZnS0^)

(fast)

(3)

^(ZnO*2ZnSO^) + 2CdS-M.2ZnO + 2CdS0^ + 8S02
(slow)

w

3CdS0^ + 3CdS

^-6Cd + 6S02
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Total reaction
2ZnS0^ + CdS--- -

2ZnO + Cd + 3S02

(1)

3ZnS0^ + Cu S — >-3ZnO + CUgO + 4-SO

(fast)

(2)

3ZnO + 6ZnS01+-- w3(ZnO-2ZnSOJ+)

(fast)

(3)

3(ZnO•2ZnS0^) + 2Cu S-»-9ZnO + 2Cu„0 + 8S02 (slow)

Total reaction.
3ZnSO^ + Cu2S -- ^~3ZnO + Cu20 + ^S02
The rate controlling step in each of the above equa
tions was the decomposition of the basic sulfate.

If the

basic sulfate had not formed, each of the systems would
have reached 100^ completion in less than 1/2 the time
actually required.

This time reduction can be approxi

mated by projecting the initial portion of each reaction
curve to 100^ ZnSO^ reacted.
The steps which the course of the reactions followed
can be generalized asx
(1)

The formation of oxide(s) or sulfate (fast).

(2)

The formation of the basic sulfate, Zn0‘2ZnS0^
(fast).

(3)

The decomposition of the basic sulfate (slow).

Neither the PbS nor the FeS systems passed through a
basic sulfate formation step.

The reactions were smooth

and rapid.
The following reactions were found to apply to the
PbS and FeS systems.
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ZnSO^iFbS
^ZnSO^ + PbS---- ^ZnO + PbSO^ + 4SC>2
ZnSO^:FeS
(1)

7ZnSOi+'+ 2FeS--- »— 7ZnO + Fe20

(2)

ZnO + Pe2 SO_---- ZnO'FegO^

+ 9S0 2

Total reaction
7ZnSO^ + 2FeS--- ^-6ZnO + Z n O - F e ^ + 9S02
The fact that the reactions for all the systems
leveled at approximately 100^ substantiates the stoichio
metric equations proposed.
Preliminary work indicated that the initiation tem
perature of the reactions are independent of the metal
cation.

It is recommended that further investigations be

performed along this line.

This could, perhaps, be

studied using differential thermal analysis techniques to
determine each reactions starting temperature.
The most important conclusions obtained from this
investigation were:
(1)

The definite establishment of the presence of

the basic sulfate, Zn0*2ZnS0^, during the thermal decom
position of ZnSO^.
(2 )

The presence of the basic salt Zn0*2ZnS0^ in

the ZnS, CdS, Cu2S reactions and its inhibiting effect on
the rate of reaction.
(3)
mixtures.

The production of metallic Cd from ZnSO^-CdS
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(4)

The establishment of the reaction stages for

reaction between ZnSO^ and ZnS, CdS and Cu^S.
It is hoped that the information derived from this
investigation may act as a guide to a further understand
ing of not only the properties of ZnSO^ decomposition
but of solid-solid reactions in general.

Many questions

have been raised in the reactions investigated.

The

main purpose of this experimental work was to present a
survey of the influence of metal sulfides on the thermal
decomposition of ZnSO^, which then would be a guide to
more detailed further investigations.
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APPENDIX I
EXAMPLE CALCULATION OF PEE CENT WEIGHT LOSS
FROM CHEMICAL ANALYSIS
Experiment D-5x
Temperature = 650°C
Time = 1.5 hours
Weight of sample = 0.2267gm ZnSO^

Weight of sample ................
Chemical analysis of residue . . .

0.2267gm ZnSO 4
0.1983gm ZnSO 4

ZnSO^ decomposed

0.0284gm ZnSO 4
All the ZnSO^ not accounted for by chemical
analysis assumed decomposed to ZnO and SO^.
gm wt. loss =
&

(0 •°-2.8^ m ZnSOk.)(80_,06jZ3s. SO^)
l6l.44gm ZnSO^

= 0.0l4lgm
% weight loss =
'
&

^

0.2267 gm

= 6 .20%

APPENDIX II
EXAMPLE CALCULATION OF PEE CENT ZnSO^ REACTED
ZnSO^-ZnS system:
3ZnSO^ + ZnS ---- »-4ZnO + 4S02
lZnSO^tlZnS reaction.
weight ZnSO^ = 0.18l2gm.
The reaction required 10.00ml of 0.1219N NaOH after
48.82 minutes.
% ZnSO^ reacted =
(wt.S02)(moleSO^) (3nioleZnSQZfj)(161.44gmZnS0^)
64gmS02

4moleS02

moleZnSO^

wt. ZnSO^
wt. SO^ =
(.1219)(X)(.040gmNaOH)(moleNaOH)(moleSOp)(64gmSQ2)
40gmNaOH 2moleNaOH moleSO^
wt. SO^ =
(.1219)(X)(.032) = .0039gmS02 (X)
where (X) = number of milliliters of NaOH required.
.0039(X)(161.44)(3)
64
4
% ZnSO^ reacted =
.1812

= 4.05(x)
= 4.0 5 (10 .00ml) = 40.50$

APPENDIX II (continued)
ZnSO^-CdS system:
a.

The following equation was used to calculate

points before the slope change.
4ZnS0^ + CdS---- 4ZnO + CdSO^ + 4S0 2
b.

The following equation was used to calculate

points after the slope change.
2ZnS0^ + CdS---- 2ZnO + Cd + 3SC>2
lZnSO^:ICdS reaction.
weight ZnSO^ = 0 .0833 gm
The reaction required 6.00ml of„1189N NaOH after

99.50 minutes (falls in a. region).
The reaction required 8.00ml of .1189N NaOH after
164.50 minutes (falls in b. region).
% ZnSO^ reacted in a. portion =
(wt .S02 )(moleS02) (4moleZnS0^) (161.44gmZnS0^)
64gmS02

4moleS02
w t . ZnSOj^

(0.032)(0.1189)(X)(161.44)
64
0.0833

= n.50(x)
•= 11 .5 0 (6 .00 ml) = 69.30$

moleZnSO^

APPENDIX II (continued)
$ ZnSO^ reacted in b. portion =
(wt,S02 )(moleS09)(2moleZnS0u)(161.44gmZnSOu)
64gmS02

3moleS02

moleZnSO^

w t . ZnSO^
(0.032)(0.1189)(X)(2)(161.44)
3
64
0.0833
= 7 .66 (X)
8.00ml falls 2.00ml after the slope change.
reaction at the slope change was 67 .1 3 .

The $

Therefore,

the $ reacted = 67*13 + 7*66(2.00 ml)
= 67.13 + 15.32
= 82.45$ ZnSO^ reacted
ZnSO^-Cu^S system:
3ZnS0^ + Cu2S

3ZnO + Cu20 + 4S02

lZnS0Zj/:lCu2S reaction,
weight ZnSO^ = 0 .1758 gm
The reaction required 22.00ml of 0.0610N NaOH after

56.66 minutes.
$ ZnSO^ reacted =
(wt.S02 )(moleS02 )(4moleZnS0^)(161.44gmZnS0^)
64gmS02

3moleS02
wt. ZnSO^

moleZnSO^
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APPENDIX II (continued)
= 2.828(X)
= 2.818(22.00ml) = 46.20^
D.

ZnSO^-PbS systems
4ZnS0^ + PbS---- wAZnO + PbSO^ + 4S02
lZnSO^tlPbS reaction.
weight ZnSO^ = 0 .0880gm
The reaction required 10.00ml of .0613N NaOH after

23.00

minutes

% ZnSO^ reacted =
(wt.S02 )(moleS02 )(^moleZnSO^)(161.WgmZnSO^)
64gmS02

4moleS02

moleZnSO^

wt. ZnSO^
(0.032)(0.0613)(X)(161.44)

64
0.0880

= 5.62(x)
= 5 .62 (10 .00ml) = 5 6 .20^
E.

ZnSOi
^-FeS systems
7ZnS0^ + 2FeS---*-6ZnO + Zn0*Fe2 0^ + 9S02
lZnSO^iIFeS reaction,
weight ZnSO^ = 0.1709gni
The reaction required 14.00ml of 0.0685'N NaOH after

7.20 minutes.
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APPENDIX II (continued)
% ZnSO^ reacted =
(wt.S02)(moleS02) (7moleZnSO/f) (161.44ZnS0^}
64gmS02

9moleS02
wt. ZnSO^

(0.032)(X)(0.0685)(7)(161.44)

9
0.1709
= 2 .5 3 (X)
- 2 .5 3 (1^.00 ml) = 35.59^

64

moleZnSO^

APPENDIX III
d VALUES AND RELATIVE INTENSITIES FOR Zn0*2ZnS0^

Composition

d Values

Relative Intensity

ZnO* 2ZnS0^

2.48

100

2.98

92

3-36

78

2.40

78

3.69

77

2.50

69

3.50

67

3-93

U

3.24

36

1.67

33

2.11

31

3.00

30

2.64

28

1.85

25

I .83

25

1.80

25

1.73

25

1.46

25

1.42

20

4.80

19

1.40

18

1.69

16

7

APPENDIX IV
EXAMPLE CALCULATION OF THE GAS ABSORPTION EFFICIENCY
Experiment S-6 :
lZnSO^:3ZnS reaction.
weight loss = 0.0420gm
ml of 0.2^89N NaOH = 5*00ml
wt. S0p from titration data
% efficiency = --------------------------wt. loss
(.2489)(X)(.040gmNaOH)(64gmS02)
80gmNa0H
wt. loss
where (X) = number of milliliters of NaOH required
% efficiency

(0.2489)(0.032)(5.00) . 100
0.0420

APPENDIX V
COLOR CHANGES OF REACTION PELLETS

Composition

Original Color

Final Color

ZnSO^xZnS
3:1

White

White

1 x1

White

White

1*3

White

White

1 x6

White

White

1:9

White

White

1.66x1

Orange

Yellow

lxl

Orange

Yellow

1*3

Orange

Yellow

1.84x1

Black

Black

lxl

Black

Pink

2 .16 x1

Gray

Yellow

lxl

Gray

Yellow

ZnSO^xCdS

ZnSO^xCu^S

ZnSO^xPbS

ZnSO^xFeS
lxl

Gray

Gray, Yellow, Red

1*3

Gray

Gray, Yellow, Red

APPENDIX VI
KINETIC DATA

ZnSO^-ZnS System
3ZnSO^ + ZnS---*-^ZnO + 4SC>2
Temperature 600°C

Particle Size -200,+270
Flow Rate 90ccm

Composition
ZnSO^-ZnS

Time (minutes)

% ZnSOj^ Reacted

1.62

1.16

2.55

2.88

5.55

5.76

11.88

8.65

22.63

11.60

29.05

13.28

35.98

14.38

44.21

15.56

53-21

17.26

59-13

18.60

65.21

20.18

77.31

21.90

81.13

23.00

85.88

24.15

89.38

24.80
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APPENDIX VI (continued)

Composition
ZnSO;,-ZnS

3:1 (con't.)

lsl

1:1

(reproducibil
ity experiment)

Time (minutes)

%

ZnSO^ Reacted

120.00

29.00

140.00

29.50

1.48

4.05

3.17

8 . 11

8.54

16.60

21.25

24.35

34.83

32.40

48.82

40.60

65.00

50.43

82.00

57.92

103.00

65.95

115.83

70.00

123.00

7 2 .IO

131.00

74.08

140.50

76 .00

148.50

78.15

160.25

80.00

170.25

81.00

182.50

83.05

270.00

93.50

1.00

2 .5 8

I .83

4.30

5.33

8.60

10.42

11.15
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APPENDIX VI (continued)

Composition
ZnSO^-ZnS
1:1. (con*t.)
(reproducibil
ity experiment)

Time (minutes)

% ZnSO^ Reacted

13.83

1 2 .98

22.67

17.20

31.33

21.43

35.00

23.20

39.08

25.39

43.58

28.40

48.00

30.92

54.33

34.35

5 8 . 1?

36.95

70.08

42.98

74.00

44.60

79.25

47.20

84.67

49.70

88.00

51.50

93.6?

54.00

99.83

55.75

104.50

58.48

108.75

60.15

113.00

61.80

121.67

64.40

125.75

66.20

135.25

68.60

144.00

71.30
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APPENDIX VI (continued)

Composition
ZnSO^:ZnS

Time (minutes)

% ZnSO^ Reacted

1.50

3.94

4.33

7.88

7.83

11.82

11.75

15.74

14.25

18.03

15.83

19.70

19.33

23.60

22.60

27.55

25.83

31.48

32.60

39.35

40.00

47.45

48.08

55.20

56.23

64.00

66.66

77.60

78.92

79.00

98.66

86.70

117.50

90.10

7-83

11.04

14.55

22.08

21.83

33.12

29.66

44.20

40.08

55.15

78
APPENDIX VI (continued)

Composition
ZnSO^:ZnS

1:6 (con't.)

1:9

Time (minutes)

% ZnSO^

Reacted

69 .83

7 7 .00

88.00

84.65

117.0 0

88.00

180.00

94.00

8.00

20.02

14.05

30.00

20.00

35.25

40.50

55-55

62.00

73-00

80.43

83.25

136 .0 0

95-00

160.00

95.34
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APPENDIX VI (continued)
ZnSO^-CcLS System
2ZnS0^ + CdS--- *-2ZnO + Cd + 3S02
Temperature 600°C

Particle Size -200,+270
Flow Rate 90ccm

Composition
ZnSO^:CdS

Time (minutes)

% ZnSO^ Reacted

1.50

2.89

4.50

5.77

7.00

8.65

9.22

11.54

12.89

17.31

16.4-2

23.15

22.08

31.78

28.83

40.04

37.16

49.20

47.50

57.70

55-58

61.56

69.50

67.35

77.17

71.40

85*93

75.07

109.50

80.86

160.00

82.79
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APPENDIX VI (continued)

Composition
ZnSO^:CdS

1.66:1
(reproducibility
experiment)

Time (minutes)

% ZnSO^,

Reacted

1.00

2.89

2.68

5-77

4.38

8.65

6.25

11.54

7.92

14.43

1 0 .8 3

20.23

12.58

23.32

16.18

28.85

20.08

34.60

27.50

43.25

36.42

51.40

46.25

56.80

51.37

59.20

60.75

63.40

67.42

65.52

79-33

69.19

85.25

71.12

106.00

76.91

114.75

78.84

129.50

80.96

150.00

84.92
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APPENDIX VI (continued)

Composition
ZnSO^iCdS

Time (minutes)

% ZnSO.

Reacted

4.84

5-75

9.28

11.50

17.83

2 3 .OO

2 2 .50

2 8 .76

28.83

34.50

36.75

40.26

45.50

46.02

56.50

5 1.78

6 9 .OO

57.54

83-25

6 3.30

99.50

6 7 .1 3

117.50

71 .7 3

131.50

74 .79

146.00

78 .6 6

164.50

8 2 .4 5

181.75

86.28

219.50

90.11

240.00

92.00
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APPENDIX VI (continued)

Composition
ZnS0^:CdS

1:1
(reproducibility
experiment)

1:1
(effect of sample
history)

Time (minutes)

% ZnSO^ Re;

1.25

26

3.^2

8.53

6.08

12.80

9.25

17.02

12.08

21.35

16.17

25.60

19.83

29.82

24.75

34.95

31.83

40.90

37.00

45.20

42.00

^8.60

53-83

55.45

62.83

59.70

73.92

63.88

86.42

68.20

101.75

72.40

119.00

76.60

11.00

10.52

19.75

17.50

28.66

23.38

41.75

29.22

58.25

35-06
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APPENDIX VI (continued)

Composition
ZnSO, :CdS

1:1 (con't.)
(effect of sample
history)

1:3

Time (minutes)

% ZnSO^ Reacted

68.83

37-39

76.75

38.95

85.60

40.51

109.50

46.17

120.00

47.73

128.25

48.20

136.50

49.81

14-5.50

51.88

155.75

52.04

167.00

54.51

175.00

56.07

4.00

9.98

7-90

19.96

11.83

29.94

17.25

39.92

24.00

51.90

29.75

59.88

38.25

66.53

53.00

73.18

66.25

79.83

86.00

86.48

114.00

93.08

160.00

95.7^
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APPENDIX VI (continued)

Composition
ZnSO;,:CdS
1:3
(effect of sample
history)

Time (minutes)

% ZnSO^ Reacted

4.50

6.96

9.78

13.96

14.50

20.88

20.50

27.84

26.75

36.20

34.17

41.76

43.00

48.80

51.00

53.44

77.50

62.72

99.50

67.23

120.00

71.96

129.25

73.82

144.25

76.58

156.00

78.44

169.00

8O.3 O

176.50

81.23
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APPENDIX VI (continued)

ZnSO^-Cu^S System
3ZnSO^ + Cu^S-- *-3ZnO + Cu^O + ^SO^
Temperature 600°C

Particle Size -200,+270
Flow Rate 90ccm

Composition
ZnSO^:Cu^S

Time (minutes)

% ZnSO^ Reacted

0.83

2.86

1.58

5.72

3-25
7.01

20.02

11.33

25.74

18.66

31.40

24. 08

34.20

28.50

37.10

33-75

40.20

37.4-2

42.82

44.50

48.51

51.66

54.25

55-42

57.00

67.83

65.70

77.00

71.35

8 7 .OO

77.00

103.83

85.62

129.50

94.25

160.00

97-00

185.00

97.50

86

APPENDIX VI (continued)

Composition
ZnSO^:Cu^S

Time (minutes)

% ZnSO^ Reacted

2.32

2.17

5.27

O
O

7.40

•

1.83

4.20

10.73

7.06

15.81

9.88

18.92

15 •66

23.22

29.58

30.06

33.25

32.65

40.33

36.80

44.00

39.05

47.50

41.22

53-95

44.35

5 6 .66

46.20

62.00

49.61

66.33

51.62

70.08

53.75

76.25

57.00

81.00

59-00

85 .66

61.20

•

CM

it

28.48

CM

25.50

vH

26.40
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APPENDIX VI (continued)

Composition
ZnSO^iCu^S

1:1 (con’t.)

Time (minutes)

% ZnSO^ Reacted

95.50

65. lj-2

101.25

67.75

107.33

69 .6O

113.17

71.00

120.00

73.80

127.33

76.20

135.33

78.00

1^3.67

80.^2

151.92

82.25

162.50

8*1.50

17^.50

86.50

88

APPENDIX VI (continued)

ZnSO^-FeS System
7ZnS0^ + 2FeS— ZnFe^O^ + 9S02 + ^ZnO
Temperature 600°C
Particle Size -200,+270
Flow Rate 90ccm
Composition
ZnSO^-.FeS

Time (minutes)

% ZnSO^ Reacted

0 .58

5 .0 6

1.0 8

10.12

1.75

15.20

2 .6 1

20.28

3-43

24.08

4. 63

28.20

7.2 0

35-59

10.03

43.23

15.25

55 •82

2 1.6 7

67.32

27.33

76 .10

3 2 .1 ?

81.25

39.50

86.43

6*1.75

91.40

90.00

92.75

.48

5.03

1.00

10.06

1.45

15.09
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APPENDIX VI (continued)

Composition
ZnSO^rFeS

1:3 (con't.)

Time (minutes)

% ZnSO^ Reacted

2 35

20.12

3 87

25.15

5 83

30.18

8 25

35.21

10 33

^0. 24

12 75

4-5.27

15 25

50.03

19 50

57.02

25 25

65.39

60 00

80.18

150.00

95.50
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APPENDIX VI (continued)

ZnS0^-Pt>S System
4ZnSO^ + PTdS-- PbSO^ + 4ZnO + ^S0£
Temperature 600°C
Particle Size -200,+270
Plow Rate 90ccm
Composition
ZnS0^:PbS

Time (minutes)

% ZnSO^ Reacted

0.45

2 .9 8

1 .0 0

5.96

3-37

13.40

6.92

1 7.8 8

1 3 .2 ?

21.75

17.33

23.84

2 3.8 3

26.82

31.92

29.80

36 .58

31.29

42.17

32 .8 0

56.50

35-75

6 6 .8 3

37.24

7 8 .OO

38.73

8 9 .00

39.65

0.33

2.80

1.2 0

11.24

2.42

16 .86

4.50

22.48
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APPENDIX.VI (continued)

Composition
ZnSO^:PbS

lsl (con't.)

Time (minutes)

% ZnSO^ Reacted

6 .83

28.10

9.23

33.72

12.17

38.74

15.47

44.96

18.90

49.58

2 3 .OO

56.20

27.83

61.72

33.42

67.45

39-58

73.00

48.75

78.50

63.67

84.30

76.42

8 7 .OO

106.42

90.00

185.00

95.50
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